INTRODUCTION
Traditional microbiology has relied on the use of axenic cultures maintained in the laboratory over generations and exploited a handful of tractable microorganisms to elucidate basic metabolic pathways and the complexities of gene regulation. However, the vast majority of bacteria in the environment cannot be easily cultivated and therefore are not amenable to traditional microbiological methodologies. This is a serious drawback if one wishes to understand the diversity of microbial function in the context of the environment. The revolution brought about by high-throughput genomic sequencing has begun to make an enormous impact on the field of microbiology. The ability to leapfrog over the arduous and time-consuming step of getting axenic (pure) cultures by simply obtaining DNA sequence information directly from environmental samples has provided major insights [Ward, 2006; Schloss and Handelsman, 2007] . First, it has made it abundantly clear that the microbes are astonishingly diverse and that we know almost nothing about the range of diversity that exists for microbes in nature [Martiny et al., 2006; Sogin et al., 2006] . Second, it has demonstrated that microbes can be found in significant numbers in almost any biome from the mundane to the most extreme [Whitman et al., 1998 ; see also Chapter X, Vol. II]. Third, the number of novel Q1 genes (and putative proteins) that have been identified in metagenomic projects is astronomically high [Venter Yooseph et al., 2007] . Fourth, as microbial Q2 diversity is being explored with these powerful new genomic tools, it is also becoming clear that most microbes in the environment do not survive alone but exist and thrive as members of communities or consortia and as symbionts [DeLong, 2006; Woyke et al., 2006; Schloss and Handelsman, 2007; Cardenas and Tiedje, 2008; Wilmes et al., 2009] .
By using a comparative genomic and metagenomic approach combined with a more detailed knowledge of the metabolism and functionalities of cyanobacteria in the hot-spring microbial mats, we have attempted to characterize the functional diversity within populations. This approach, which can be defined broadly as "functional genomics," is motivated by the availability of the vast wealth of information derived from genomics and metagenomics projects. A complementary approach, also described here, uses in situ transcriptomics to measure the dynamics of gene expression as a function of changes in the microbial mat environment. Finally, recently we have been successful in maintaining pure or axenic cultures of thermophilic cyanobacteria from the mats in the laboratory so that we can work with them under well-defined and controlled conditions. The theme developed in this chapter is to demonstrate the advantages of this three-pronged approach, in which knowledge derived from comparative genomics, in situ transcriptomics, and axenic cultures are all used to understand populations, in the context of their environment.
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CYANOBACTERIA IN THE ENVIRONMENT
Cyanobacteria are ubiquitous in nature [Whitton and Potts, Q3 2000] and have the ability to thrive in many environmental conditions, including both thermophilic [Brock, 1978; Ley et al., 2006] and pyschrophilic environments [Christner et al., 2003 ] as well as under extreme desiccation [Nagy et al., 2005] . Cyanobacteria also function as symbionts with many plants [Adams, 2000; Adams and Duggan, 2008] and form important associations with other microbes in metabolically integrated consortia, such as microbial mats [Brock, 1978; Stal and Caumette, 1994; Krumbein et al., 2003] . Cyanobacteria are also responsible for harmful algal blooms that occur worldwide [Havens, 2008] . In the oceans it has been estimated that cyanobacterial cell counts in surface water can be as high as 10 5 cells per ml, which would amount to a total of ∼3.6 × 10 29 microbial cells with a total cellular carbon content of ∼3 × 10 17 g [Whitman et al., 1998 ]. Although cyanobacteria occur in many terrestrial environments, it is harder to derive estimates of their abundance. It is estimated that cyanobacteria play an important role in primary productivity and the cycling of inorganic carbon [Falkowski et al., 2008] , and they participate in the global biogeochemical cycling of nutrients since they can fix inorganic carbon, reduce molecular nitrogen, ferment sugars, and alter the redox state of iron and sulfur compounds [Cohen et al., 1975; Partensky et al., 1999; Paerl et al., 2000; Guerrero et al., 2002; Teske and Stahl, 2002; Decker et al., 2005] . These activities impact other microbes that associate with the cyanobacteria, and they are likely to be important driving forces that shape microbial interactions.
MICROBIAL MATS AND BIOFILMS
Microbial mats are considered modern-day analogs of ancient ecosystems represented by stromatolites [Schopf, 2000; Stal, 2000; Teske and Stahl, 2002] . The oxygenic, photoautotrophic cyanobacteria in these stromatolites are believed to have contributed to the oxygenation of the early Earth's atmosphere [Hoehler et al., 2001] . Microbial mats can flourish in regions where predation is low, and stratified microbial mats tend to proliferate in diverse environments that are often inhospitable, so they provide a perfect paradigm for studying how moderately complex communities of microbes develop and optimize the utilization of scarce resources [Krumbein et al., 2003] . Photosynthetic microbial mats occur in terrestrial and aquatic environments such as hypersaline coastal pools of Guererro Negro [Ley et al., 2006] , freshwater ponds, geothermal hot springs of Yellowstone National Park [Brock, 1978; Ward et al., 2002; Inskeep and McDermott, 2005] , and the cold dry valleys of Antarctica [Vincent, 2000; Vincent et al., 2004; Jungblut et al., 2006] . Most, but not all, mat communities are comprised of a limited number of dominant genera (the system is less complex than soil or marine ecosystems) [Nubel et al., 1999 Paerl et al., 2000; Guerrero et al., 2002; Ley et al., 2006] .
In Yellowstone National Park (YNP), microbial mats in the alkaline siliceous springs such as Octopus and Mushroom Springs (Fig. 34.1 ) located in the Lower Geyser Basin, have been extensively studied, particularly with respect to aspects of ecology, physiology, biogeochemistry, and species identification [Allen and Day, 1935; Brock, 1978; Keiter and Boyce, 1991; Brock, 1997; Ward et al., 1998; Reysenbach and Cady, Reysenbach and Shock, 2002; Teske and Stahl, 2002; Botero et al., 2004; Inskeep and McDermott, 2005; Sheehan et al., 2005; Podar and Reysenbach, 2006; Sato et al., 2007; Wheeler et al., 2008] . The pioneering research of Thomas Brock [Brock, 1978] and students made it clear that these environments provide a unique opportunity to study the interactions among different prokaryotes as well as the evolution of microbial communities.
As boiling water from the source pool gradually cools in the effluent channels, a stable temperature and flow gradient is formed and at ∼72C variously pigmented microbial mats or biofilms can be seen in the channels (Fig. 34.1 ). These mats consist of stable and relatively simple communities of microorganisms, including cyanobacteria (predominantly Synechococcus sp.), green nonsulfur bacteria (GNSLB), such as Roseiflexus sp. and Chloroflexus sp. (also known as filamentous anoxygenic phototrophs) as well as less well characterized heterotrophic anaerobic and aerobic bacteria [Pierson and Castenholz, 1974; Brock, 1978; Ruff-Roberts et al., 1994; Ward et al., 1998; Ward and Castenholz, 2000] . The metabolic activities of these mat-forming organisms create stratified layers within which steep and fluctuating gradients of light, oxygen, and nutrients can exist [Stal, 2000; Ferris et al., 2003 ].
METABOLISM AND DIEL CYCLING EVENTS IN THE MAT
Analysis of the chemical composition of hot springs indicate that the aqueous environment in the effluent channels may be generally nutrient-poor and chronically deficient for N and P and with varying levels of Fe and S compounds [Brock, 1978; Stal, 2000; Papke et al., 2003; Ludwig et al., 2006] . Mats also undergo dramatic changes in metabolic processes over the diel cycle, so the organisms in the mat may have evolved a temporally complementary set of metabolisms. During the day, under conditions of high light, the mat is photosynthesizing so the matrix of the mat often is supersaturated with oxygen [van der Meer et al., 2005; Steunou et al., 2006] . Cyanobacteria are the primary producers that fix CO 2 via the reductive pentose-phosphate pathway and export a considerable proportion of the fixed carbon generated, which may sustain other members of the microbial community (including the photoheterotrophic green nonsulfur bacteria such as Chloroflexus and Roseiflexus). They also secrete exopolysaccharides that form part of the dense matrix within which the microbes survive. Acetate is the dominant carbon compound exported under conditions of photoautotrophic growth, during the day, while at night cyanobacteria export fermentation products such as ethanol and formate, generated from the breakdown of polyglucose [Staley, 1997; Teske and Stahl, 2002; van der Meer et al., 2005] .
CLASSICAL MOLECULAR TECHNIQUES TO STUDY COMMUNITY STRUCTURE AND MEMBERS OF THE CYANOBACTERIAL LINEAGE
Analysis of microorganisms in the mat was initially based on classic microbiological tools such as microscopy and enrichment growth conditions [Brock, 1978; Ward et al., 1998 ]. With the development of simple but powerful molecular tools, such as 16S RNA clone sequencing and denaturing gradient gel electrophoresis [DGGE] to identify bacterial species, the picture that emerged of the microbial populations in the mat became considerably more complex. Both of these techniques are still widely used for the identification/classification of bacterial populations in the environment because of the ease of use (in the case of DGGE) and the ability to use 16SRNA and 16S-23S internal transcribed spacer (ITS) sequence to build phylogenetic relationships [Stahl et al., 1985; Ward et al., 1998 ]. DGGE studies showed that the distribution of 16S RNA gene variants, from cyanobacteria, varied along the temperature gradients of the mat; the Synechococcus populations were also found to vary predictably along the vertical transect of the mat and appeared to be correlated with the presence of differentially fluorescent Synechococcus populations [Ramsing et al., 2000; Ferris et al., 2003 ].
GENOMIC CONTENT AND ARCHITECTURE OF TWO RELATED SYNECHOCOCCUS ISOLATES
Synechococcus OS-A was isolated by dilution culturing (filter cultivation approach) from samples derived from a high-temperature region of the mat (58-65
• C),
while Synechococcus OS-B was isolated from lowertemperature mat samples (51-55 • C) [Allewalt et al., 2006] . We acquired complete genome sequences derived from shotgun sequencing, from both Synechococcus OS-A and Synechococcus OS-B . Both isolates (Synechococcus OS-A and Synechococcus OS-B ) contained circular genomes of approximately of the same size (∼3.0 Mb) and exhibited a relatively high G + C% content of 60.3 and 58.5, respectively, and there was no obvious GC skew to identify the origin of replication. The genomes of Synechococcus OS-A and ; genes on reverse strand (color by COG categories); RNA genes (tRNAs green, rRNAs red, other RNAs black) GC content and GC skew. For COG coloring selection, please consult IMG site. This figure was generated using the IMG genome viewer [Seshadri et al., 2007] .
Synechococcus OS-B included 2892 and 2933 predicted coding sequences (CDS), respectively, and each have two identical copies of the rRNA genes ( Fig. 34.2) . A comparison of their 16S rRNA sequences showed 96.4% identity (i.e., 3.6% differences in sequence). A comparison of the coding sequences of the two Synechococcus genomes indicated that, as expected, they shared a large fraction (∼83% based on bidirectional best BLAST scores) of their coding sequences with high identity between putative orthologs (∼87% amino acid identity on average) . This is consistent with the information that these cyanobacterial isolates are morphologically identical and closely related at the 16S RNA sequence level. Surprisingly, at the level of whole genome architecture, a comparison of Synechococcus OS-A and OS-B genomes shows a marked lack of synteny or conserved, large-scale gene order ( Fig. 34.3) . Comparison of complete genomes of closely related bacteria usually reveals extensive synteny, so this is a surprising deviation possibly indicating an extensive history of rearrangement events. Genome rearrangements and recombination events are often mediated by transposons or phage and could play an important role in evolution. Both Synechococcus OS-A and OS-B genomes contain a higher than average number of transposon-like or insertion sequence [IS] elements (∼100 intact IS genes on each genome as well as many IS gene fragments) [Rocha, 2004 [Rocha, , 2008 . We have also carried out a comparison of genomic data to metagenomic data which indicates that certain types of IS elements are quite active in the community and may be responsible for some of the genome "shuffling" that we observe [Nelson et al., 2010] . Conversely, the marine Prochlorococcus which has a small or "minimal" genome does not contain any transposable elements [Zhou et al., 2008] . Genomes with a high degree of synteny would have many proteins arrayed along the diagonal, but this is not the case for these two genomes. This graph was generated using the protein scatter-plot program available through CMR (http://cmr.jcvi.org/cgi-bin/ CMR/shared/). Standard parameters were chosen and color gradient represents protein identity levels. The region with the largest syntenic block between the genomes (red box) contains the genes encoding the nitrogenase.
ANALYSIS OF FUNCTIONAL CATEGORIES IN THE GENOME AND UNIQUE GENES IN THE GENOMES AND THEIR LIKELY ROLES IN ADAPTATION
Pathways (genes and encoded proteins) for photosynthesis, glycolate biosynthesis [Bateson and Ward, 1988] , glycogen [Bateson and Ward, 1988; Konopka, 1992] , sulfolipids , fermentative and respiratory metabolisms [Nold and Ward, 1996] , Type IV pilus biosynthesis, and photoreceptors were identified in both Synechococcus OS-A and OS-B [Ramsing et al., 1997; Bhaya, 2004; Ulijasz et al., 2008] . Unexpectedly, a complete functional pathway for nitrogen fixation was also encoded in the genome [Steunou et al., 2006] , and our approaches exploring this using different in situ molecular and microsensor techniques are described in a later section. We also identified ∼400 and 500 isolate-specific genes in Synechococcus OS-A and OS-B , respectively, which opened the door to understanding how these isolates are physiologically adapted to different niches in the environment. Of the isolate-specific genes, about half are annotated as either "hypothetical" or "conserved hypothetical"; thus further exploration was Q4 difficult with no obvious leads. However, there were also several examples of genes encoding proteins with known functions that were uniquely present on only one of the genomes. For instance, only the Synechococcus OS-B genome contains genes for the synthesis and metabolism of cyanophycin, a N storage compound. Cyanophycin synthetase synthesizes cyanophycin nonribosomally from aspartate and arginine, while cyanophycinase can degrade the polymer to provide the cell with a source of N when needed [Simon, 1987] . Cyanophycin levels vary with growth conditions, but can be high in stationary-phase cultures or under conditions in which the growth potential of the cell declines because of a limitation for other nutrients such as sulfate or phosphate. Since Synechococcus OS-A does not appear to have either of these genes, it would unable to store nitrogen as effectively as Synechococcus OS-B . The implications of this difference between the isolates need further experimentation.
Another interesting example of genome-specific functionality is the presence of an 8-kbp region on the Synechococcus OS-B genome which contains 10 genes (phn genes) responsible for the transport and metabolism of phosphonates which is absent in Synechococcus OS-A. This pathway could enable the Chapter 34 Approaches to Understanding Population Level Functional Diversity organism to utilize phosphonate (compounds in which carbon-oxygen-phosphorus bond is replaced by a direct carbon-phosphorus linkage) as an additional source of phosphorus. Phosphonates are relatively inert, stable compounds, but levels in the mats have not been measured to date [Kononova and Nesmeyanova, 2002; Quinn et al., 2007] . The entire phn gene cluster is missing in Synechococcus OS-A, but the region flanking the phn cluster is syntenic between the Synechococcus OS-A and OS-B genomes, indicating that the phn gene cluster was either recently acquired by Synechococcus OS-B or lost in Synechococcus OS-A lineage . There is evidence suggesting that operons required for phosphonate uptake and utilization may be acquired through lateral gene transfer events in prokaryotes [Huang et al., 2005] . Recently, genes for phosphonate utilization have been identified in metagenomic studies of marine, oxygenic photosynthetic prokaryotes, but the phn operon is not universally found in cyanobacteria, perhaps reflecting the different availability of phosphonates in various environments [Dyhrman et al., 2006; Martinez et al., 2009] .
OBTAINING AXENIC CULTURES AND THE ADVANTAGES OF USING THEM STUDY ECOLOGICALLY RELEVANT QUESTIONS
The advent of high throughput genome sequencing and metagenomics has opened a floodgate of information about the genetic repertoire of various bacteria (e.g., Handelsman [2004] Kowalchuk et al. [2007] , and Rusch et al. [2007] ; see also other chapters in Vol. II). Although this information database has been exploited in several ways, it still is a big leap to advance from a list or dictionary of genes in the genome (or the environment in the case of a metagenomics approach) to an understanding of the biology of dominant players in any particular environment or microbial community [Tringe, 2005; Fuhrman, 2009] . One way to achieve this deeper insight is to combine a genomics approach with experiments on axenic isolates from the environment of interest. This is not always possible or feasible since only a very small percent of bacteria can be axenically grown in the laboratory. However, if this were possible, it would open the door for a number of exciting new areas for research since one could combine in situ approaches with more detailed experiments under controlled conditions.
We exploited the phototactic characteristic of Synechococcus OS-B to separate this organism away from nonmotile heterotrophs [Kilian et al., 2007] . We used 16S ribosomal sequencing, growth on nutrient-rich plates (to enrich for any slow-growing contaminants), and phase contrast microscopy to ensure that the culture were axenic since there is no single or specific way to ensure purity. These axenic cultures are maintained in the lab and are being used to test hypotheses about metabolic pathways and regulation, which are not necessarily easy to carry out in situ.
Acclimation to High and Fluctuating Light Levels. To understand how thermophilic cyanobacteria in microbial mats can respond to fluctuating environmental parameters, such as light, we used axenic isolates of Synechococcus OS-B . We found that Synechococcus OS-B did not cope well with continuous high-light conditions even though the microbial mats contend with very high irradiances during the day, Axenic cultures of Synechococcus OS-B grew optimally at relatively low light fluence rates of between 75 and 130 μmol photons m −2 s −1 as shown by their blue green color and characteristic absorption spectrum; while cells grown at higher irradiances were chlorotic and lost phycobiliproteins. Cells grown in continuous light [irradiance of 400 μmol photons m −2 s −1 ] stopped growing after 3 days and died, but it is important to note that these culture conditions do not mirror conditions in the mat [Kilian et al., 2007] . Within the mat, cells are extensively packed, there may be protective pigments present, and light is strongly attenuated, particularly in the blue and red regions of the spectrum [Kuhl et al., 1997] , so cells may be witnessing a very different light regime under these conditions. Furthermore, there is a long dark period during which cells may be able to recover from some forms of damage. This raises the important issue of how to best replicate environmental conditions in the lab so that results obtained provide meaningful insight into in situ conditions. Acclimation to nutrient limitation: The Synechococcus OS-B [but not the Synechococcus OS-A genome] harbors the phn gene cluster which might allow it to grow on phosphonate [Phn] as a sole phosphorus source, so we grew axenic cultures of Synechococcus OS-A and Synechococcus OS-B in medium lacking Pi as well as on different Phn sources with the expectation that only Synechococcus OS-B would be able to survive. We found indeed that Synechococcus OS-B grew on a number of different Phn sources but this was contingent upon a three week acclimation period in the presence of Phns, a phenomenon which has also been reported in other organisms [Wanner, 1994; Kononova and Nesmeyanova, 2002; . Furthermore, Synechococcus OS-B cells released methane or ethane 347 in the light if grown on methylphosphonate or ethylphosphonate, respectively, but in the dark these gases were not released and instead the carbon skeletons appeared to be used for metabolism or growth in the dark [Gomez et al, 2010] .
Q7
The phn gene cluster has been found in many microorganisms isolated from a variety of ecosystems, including the marine ecosystems in which Phns constitutes a substantial fraction of dissolved organic P of the total P pool [Clark et al., 1998 ]. The capacity to utilize Phns when other sources of P are limiting could confer an adaptive advantage to the Synechococcus OS-B cells in an environment where Pi is chronically scarce. In the hot springs starvation on a daily or seasonal time frame may allow Synechococcus OS-B to acclimate to low P conditions, which includes an increased capability for utilizing phosphonates to satisfy the P demand. If fluctuations in the Pi concentration are frequent, the cells may remain in the acclimated state even when availability is elevated over a short time interval. Whether the phn genes are induced in situ is being tested by measuring transcript levels at different times in the diel cycle or during the year.
IN SITU TRANSCRIPTOMICS TO PROBE DIEL CYCLES IN PHOTOSYNTHESIS AND OTHER PATHWAYS
We developed an in situ transcriptomics approach in which nif gene-specific primers were developed and used for quantitative RT-PCR (qRT-PCR), using RNA samples isolated from the mats at different times of the diel cycle [Steunou et al., 2006] . The nif genes are expressed in situ in the mat [Steunou et al., 2006 [Steunou et al., , 2008 at night and until the early morning (i.e., the period of time when the mat was anoxic) (Fig. 34.4) . 
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During the diel cycle collections, light and oxygen levels were also monitored using appropriate sensors [Revsbech and Ward, 1984; Kuhl, 2005] . Nitrogenase activity (monitored by the acetylene reduction assay) and presence of nitrogenase subunits (monitored by Western blot analyses) in mat samples were also detected in the evening and early morning. This would suggest that nitrogenase activity is restricted to certain parts of the diel cycle. Since it is known that nitrogenase activity is irreversibly inactivated by oxygen and that N 2 fixation is energetically expensive (requiring at a minimum 16 ATP molecules per N fixed), it is important to ask how nitrogenase activity is regulated and how energy is made available for this process. This required us to accurately monitor other genes of interest-for example, genes involved in photosynthesis, fermentation, and respiration. Thus, our approach was to monitor mat metabolism and gene regulation and correlate it with environmental parameters such as light, pH, and nutrient availability to build up a working model of how various energetic processes vary over a diel cycle [Steunou et al., 2008] . Integrating ecophysiological methods (to quantify the mat microenvironment) and nitrogenase activity in situ together with transcriptomics gave us new insights into the complex dynamics of N 2 fixation in hot spring cyanobacterial mats. It demonstrated that N 2 fixation in thermophilic Synechococcus sp. is closely linked to their energy metabolism and photosynthesis status, which shows pronounced shifts during a diel cycle. The next challenge with this system would require an understanding of (a) the functional interactions with other microbes in the mat community and (b) the importance of major variants in the populations of different cyanobacteria in the mat.
EVIDENCE OF RECENT ACQUISITION OR LOSS OF NUTRIENT UTILIZATION PATHWAYS
We noted significant differences between the Synechococcus OS-A and OS-B isolates for genes required for the putative uptake and utilization of urea . Cyanobacteria can utilize urea as a source of nitrogen, which requires urease and a dedicated transport system for urea [Luque et al., 1994; Collier et al., 1999] . Synechococcus OS-A has one genomic region encoding urease (ureA1B1C ) and accessory factors (ureEFG1D1 ) (Cluster 1 urease) ( Fig. 34.5 ). This cluster is lacking in Synechococcus OS-B genome, but the synteny between Synechococcus OS-A and OS-B in the region flanking Cluster1 is maintained, suggestive of a relatively recent gain of genes by Synechococcus OS-A (although formally, it might represent a loss of genes from Synechococcus OS-B ). Synechococcus OS-B contains a second complete set of urease genes which are scattered at five different regions of the genome. In Synechococcus OS-A, this cluster is being eroded and remnants of these genes or transposon mediated interruptions of these genes are found. These differences in gene content underscore the idea that both gene gain and loss are ongoing events in the Synechococcus populations. We envisage a possible scenario in which there was a relatively recent acquisition of Cluster 1 urease by Synechococcus OS-A (as suggested by the transposons flanking this region). Subsequently, there may have been a progressive loss of functionality of the original urease cluster. It is possible that the Cluster 1 urease provides some selective advantage to Synechococcus OS-A. 
MICROBIAL MAT METAGENOMICS: ADVANTAGES AND CHALLENGES
The term metagenomics (also known as "community" or "environmental" genomics) was first used in 1998 [Handelsman et al., 1998 ], and its impact on various research areas, as varied as ecology, evolution, and bacterial diversity, has really begun to grow exponentially. Because this approach does not require prior knowledge of the microbial members of the community, nor does it require any purification of particular species, it has the potential to provide an unbiased view of the functionalities within a community (e.g., Streit and Schmitz [2004] We have recently obtained an environmental genomic dataset from random shotgun sequencing of total DNA collected from the top green layer from the microbial mats at two different temperature sites of Octopus Spring (the spring from which Synechococcus OS-A and Synechococcus OS-B were originally isolated) and from Mushroom Spring, a nearby spring with similar physicochemical characteristics . Recombinant libraries containing small inserts [2-6 kb] or large inserts [10-12 kb] from total DNA isolated from the top green layer were created using standard sequencing vectors. Sequencing was carried out on ∼200,000 clones and "paired end" sequences were derived; this represented ∼200 Mb of sequence data from the four collection sites. By way of comparison, the read coverage from other metagenome sequencing projects range from 76.2 Mbp from acid-mine biofilms ] to 1.6 Gbp (surface water, Sargasso Sea) in the first global Ocean sampling trip in 2004 [Venter et al., 2004] and ∼6.3 Gbp in the second global Ocean sequencing . This environmental genomics dataset is being used to better understand population structure in the mats as well as to gain an understanding of diversity within the Synechococcus populations at the different temperatures . Metagenomic datasets are a significant community asset and an exploitable addition to the bioinformatics toolbox and are available through public sites such as NCBI (http://www.ncbi.nlm.nih.gov/), CAMERA [Seshadri et al., 2007] , and IMG [Markowitz et al., 2010; Q8 see also Chapter 42, Vol. I].
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Large environmental genome scaffolds were created such that "virtual genomes" spanned almost the entire anchor genomes of Synechococcus OS-A and OS-B , verifying that the organisms from which the anchor genomes are derived are abundant members of the community . This approach in which metagenome sequences can be "pasted" back onto a "reference" or "anchor" genome is somewhat different from many other metagenomic approaches where no such reference genomes are available. In fact the lack of these reference genomes makes it very difficult and often impossible to create any large contiguous sequences or "contigs" and even more difficult to accurately identify the species of microorganism from which it is derived. It is also important to keep in mind that given the high cell population density in the mats and the relatively small number of reads that were used to generate the large genomic scaffolds, we created "virtual genomes" since each read very likely originates from a different individual.
Interestingly, a significant fraction (∼40%) of the metagenomic sequence reads were quite similar to the Synechococcus OS-A and OS-B -sequences, yet could not be confidently assembled onto the anchor genome because they failed to meet the stringent criteria that we set for assembling the sequences . These clones (dubbed "illegal clones") might represent regions in which recombination, transversion, or gene gain/loss ("indels") may have occurred relative to the reference genomes. Based on our analysis that there is evidence for significant gene rearrangements between populations of Synechococcus sp. along the temperature gradient (caused by transposon activity, recombination events, etc.) and diversity at the gene level, it is clear that this is a good model system for the analysis of genetic variation and an understanding of its origins and causes.
For instance, we investigated a category of "illegal clones" in which one end of the clone had high sequence identity to a specific region on the Synechococcus OS-B genome, while the paired end sequence did not match any sequences in the Synechococcus OS-B genome. These clones could represent a Synechococcus population closely related to Synechococcus OS-B which has acquired additional sequences that are absent in the "anchor" genome. Indeed we found an example in which a sequenced clone matched the Synechococcus OS-B genome at both ends but contained an extra 5.5-kbp region relative to the Synechococcus OS-B anchor genome (Fig. 34.6 ). This clone contained seven additional genes and is flanked by genes that are highly identical to genes in the Synechococcus OS-B genome.
Of the genes present in the 5.5-kbp region, two exhibited significant identity to the feoA and feoB genes of the from Synechococcus OS-B . Below is the variant clone containing the feo genes plus seven additional CDSs; including OrfB and OrfA of ISSoc13 transposase which appears to be Synechococcus OS-B -specific, a feoA (158 amino acids), feoB (763 amino acids). The similarity of this variant to Synechococcus OS-B beyond this region is not known. Modified from . unicellular thermophilic cyanobacterium, Thermosynechococcus elongatus. The presence of feoA and feoB genes in a Synechococcus OS-B -like population was interesting because these genes are present in several bacteria where they encode proteins required for ferrous ion transport [Andrews et al., 2003] .
Iron in the hot-spring environment exists in both ferrous and ferric forms, with the ferrous form predominating under conditions of low oxygen. feoA/feoB -like sequences are absent in the Synechococcus OS-A nor OS-B anchor genomes, although they contain several genes required for ferric ion uptake and assimilation. The presence of feo genes in an organism that could be closely related to Synechococcus OS-B is interesting since it suggests the presence of functionally specialized populations capable of using Fe 2+ . This is an example of the advantages of using metagenomic information to identify Synechococcus variants in the mat and raises questions relating to functional genomics and technology development in the context of the environment.
THE POTENTIAL ROLE OF LATERAL GENE TRANSFER, TRANSPOSONS, AND VIRUSES IN THE CREATION OF VARIANT POPULATIONS IN MICROBIAL MATS
The dense microbial mats which harbor a diversity of organisms are likely to be fertile territory for the study of how genes are transferred between organisms. Although this aspect has not yet been studied in detail among the phototrophs of the mat, it has the potential of revealing the importance of gene transfer processes in communities. It is clear that transposons are an important part of the genetic repertoire of the cyanobacteria and that in some cases they may be quite active Zhou et al., 2008; Nelson et al., 2010] . A consequence of this activity would be an accelerated pace of recombination events that may be responsible to a larger or lesser extent for the large number of "variants" that we see in the populations of cyanobacteria. We have evidence [Nelson et al., 2010] that some transpositions by IS elements may have occurred recently and that lateral gene transfer may be occurring in the mat cyanobacterial populations. This suggests that these genomes may be quite fluid and that variability in natural populations is an ongoing occurrence. Lateral gene transfer has been extensively documented in numerous bacterial lineages and is considered to play a significant role in genome evolution [Boucher et al., 2003; Gogarten and Townsend, 2005; Lerat et al., 2005] .
Hot-spring mats have also been examined for the presence of viruses using both a viral metagenomic approach [Schoenfeld et al., 2008 ; see also Chapter 11, Vol. II] and other methods [Rice et al., 2001; Ortmann et al., 2006; Snyder et al., 2007] , but cyanophages have not yet been carefully studied. A recent study concluded that the newly discovered "viral immunity" systems mediated by CRISPRS are active in the mat Synechococcus populations [Heidelberg et al., 2009] . This would imply that deeper understanding of virology in the context of cyanobacterial populations in the microbial mat may be well worth investigating.
FUTURE DIRECTIONS
One of the unique and powerful aspects of our approach has been the ability to combine microbial ecology with sophisticated molecular tools to probe function and correlate it with important and variable environmental parameters. Furthermore, the ability to grow axenic strains of environmentally relevant and dominant thermophilic cyanobacteria adds another important tool to our arsenal. However, one of the crucial requirements for any microorganism to be used as a "model organism" is for it to be effectively genetically manipulated. Many cyanobacteria are naturally transformable and are able to 351 take up foreign DNA and integrate it into the genome by recombination. So it has been relatively easy to develop systems for gene inactivation and the creation of targeted mutants [Koksharova and Wolk, 2002] . We have recently demonstrated that we can transform Synechococcus OS-B and that it appears to be stably transformed . This opens the door for Q10 the next generation of experiments to be performed and to develop a powerful model platform that extends from the in situ experiments and environmental measurements in the mat to the testing and refinement of hypotheses under controlled laboratory conditions. This development combined with microarray analysis (see Chapters 64-68,
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Vol. I), "RNA seq" technology and high-throughput proteomic analysis [Ram et al., 2005 ; see also Chapters 74-79, Vol. I] has the potential to make this system Q12 much more powerful for examining questions about how environmental parameters affect gene and protein expression in future studies.
Single-cell analysis is a fast developing technology that has provided new insights into the concept that there is marked phenotypic heterogeneity even in genetically homogenous microbial cultures [Avery, 2006] . Single-cell analysis allows one to observe cells as individuals, and to manipulate them in many ways [Breslauer et al., 2006; El-Ali et al., 2006 ; see also Chapters 85-88, Vol. I].
Q13
Microfluidic platforms that allow for the capture of single cells can be coupled with numerous downstream analytical manipulations, including capillary electrophoresis to examine protein content of a single cell as well as counting individual fluorescent molecules Kim et al., 2007] . It can also be powerfully combined with new techniques that include whole-genome amplification [Lasken, 2007] . Particularly in the context of the environment the ability to capture and sequence the entire genome of a single cell opens up untold possibilities [Ottesen et al., 2006; Ishoey et al., 2008; Woyke et al., 2009] , since most bacteria cannot be cultivated and the genetic diversity of the microbial world is still to be detailed [Warnecke and Hugenholtz, 2007] . Venter et al. 2004 
Acknowledgments

